The glass transition temperature T g and the temperature T ␣ corresponding to the peak in the dielectric loss due to the ␣ process have been simultaneously determined as functions of film thickness d through dielectric measurements for polystyrene thin films supported on glass substrate. The dielectric loss peaks have also been investigated as functions of frequency for a given temperature. A decrease in T g was observed with decreasing film thickness, while T ␣ was found to remain almost constant for dϾd c and to decrease drastically with decreasing d for dϽd c . Here, d c is a critical thickness dependent on molecular weight. The relaxation time ␣ of the ␣ process, which was measured as the frequency at which the dielectric loss realizes its peak value at a given temperature, was found to have a d dependence similar to that of T ␣ . The relaxation function for the ␣ process was obtained by using the observed frequency dependence of the peak profile of the dielectric loss. The exponent ␤ KWW , which was obtained from the relaxation functions, decreases as thickness decreases. This suggests that the distribution of relaxation times for the ␣ process broadens with decreasing thickness. The thickness dependence of T g is directly related to the distribution of relaxation times for the ␣ process, not to the relaxation time itself. The value of the thermal expansion coefficient normal to the film surface was found to increase with decreasing film thickness below T g , but to decrease with decreasing film thickness above T g . These experimental results are discussed in the context of a three-layer model in which within thin films there are three layers with different mobilities and glass transition temperatures.
I. INTRODUCTION
Recently, glass transitions in amorphous materials have been investigated by many researchers. However, the mechanism involved in glass transitions is not yet fully understood ͓1-3͔. Understanding the behavior of the characteristic length scale of the dynamics of supercooled liquids near the glass transition is the most important problem to be solved in such studies. In the Adam and Gibbs's theory, it is assumed that there is a domain in which collective particle motion can occur and its size grows as the temperature is lowered. This domain is called the cooperatively rearranging region ͑CRR͒ ͓4͔. In connection with the CRR, recent molecular dynamics simulations have revealed the existence of significant large-scale heterogeneity in particle displacements, socalled dynamical heterogeneity in supercooled liquids ͓5-8͔. As the temperature decreases toward T g , the dynamical heterogeneity grows. Experimental studies using multidimensional NMR ͓9͔, dielectric hole burning ͓10͔, and photobleaching ͓11͔ have produced evidence of dynamical heterogeneity. These topics concerning heterogeneity are closely related to the length scale of dynamics near glass transitions.
Glass transitions in finite systems confined to nanopores ͓12-14͔ and thin films ͓15-22͔ have recently attracted much attention, because such systems can be regarded as model systems for studying the length scale of glass transitions. In such systems deviation from bulk properties is expected to appear if the system size is comparable to the characteristic length scale. In particular, T g and the thermal expansion coefficient ␣ n of thin films have been measured using several experimental techniques, including ellipsometry ͓15,16͔, positron annihilation lifetime spectroscopy ͑PALS͒ ͓17͔, Brillouin light scattering ͓18,19͔, and x-ray reflectivity ͓20͔. For the first time, Keddie et al. investigated T g and the thermal expansion coefficient ␣ n of thin polymer films supported on substrate. For polystyrene films on hydrogen-passivated Si, T g was found to decrease with decreasing film thickness d for dϽ40 nm ͓15͔. The value of ␣ n below T g was found to increase with decreasing d approaching the value characterizing liquid states. It was suggested that this decrease in T g is caused by the presence of a liquidlike layer at the polymerair interface in this case; in the case of freely standing polystyrene films, T g decreases much more rapidly with decreasing film thickness ͓18͔. These results suggest that the interaction between polymers and the substrate competes with surface effects. This competition leads to a more gradual decrease of T g in the former case. For a strong attractive interaction between polymers and the substrate, an increase in T g with decreasing d was observed ͓16͔.
Positron annihilation lifetime measurements reveal that the observed T g values of supported PS films are similar to those obtained by Keddie et al. However, the thermal expansion coefficient obtained by PALS is independent of d below T g , while it decreases with decreasing thickness above T g . It was proposed that there is a dead layer near the interface between polymers and the substrate in addition to a liquidlike layer at the polymer-air interface. In the case of thin polymer films supported on substrate, the glass transition temperature and thermal properties strongly depend on the competetion between interfacial and surface effects. There are still controversial experimental results for such systems.
The dynamics related to the glass transition in thin films have been investigated using several methods ͓23-25͔. Second harmonic generation reveals that the distribution of relaxation times broadens with decreasing film thickness, while the average relaxation time of the ␣ process remains constant for supported films of a random copolymer ͓23͔. Ultrasonic measurements ͓24͔ have shown that the temperature T max at which the ultrasonic absorption exhibits a maximum for a given frequency has a d dependence similar to that of T g obtained by ellipsometric measurements for thin polystyrene films supported on substrate. In the case of freely standing films of polystyrene, photon correlation spectroscopy ͓24͔ studies indicate that the relaxation behavior of the ␣ process in thin films is similar to that of bulk samples of polystyrene, except for the reduction of the ␣ relaxtion time. Atomic force microscopy studies ͓25͔ have revealed the existence of a mobile layer near the free surface of films of polystyrene. Because there are only a few experimental observations on the dynamics of thin polymer films, it is not yet clear whether properties of the ␣ process change together with T g as the film thickness decreases or whether the obtained results depend on the methods used for measurements or on the details of the individual samples.
Dielectric measurement is one of the most powerful experimental tools to investigate the dynamics of the ␣ process in amorphous materials. Recently we applied this method to the determination of the glass transition temperature through measurements of the thermal expansion coefficient ͓26͔. Bauer et al. also used this method and further extended it to thermal expansion spectroscopy ͓27,28͔. By virture of dielectric measurements, it is possible to simultaneously measure the glass transition temperatures and determine the relaxation behavior of the ␣ process of a single sample even for thin films.
In a previous paper ͓26͔, we reported that T g for thin polystyrene films supported on glass substrate can be determined from the temperature change of the electric capacitance during heating and cooling processes and that the dynamics of the ␣ process can be determined from the dielectric loss of the films. We were able to obtain the distinct thickness dependences of T g and T ␣ in which the dielectric loss exhibits a peak value for a fixed frequency due to the ␣ process. In this paper the results obtained through dielectric measurements are described in detail, and the dynamics of the ␣ process are investigated by measurements of the frequecncy dispersion of the dielectirc loss for the purpose of clarifying the relation involving the thickness dependence of T g , the thermal expasion coefficients, and the dynamics of the ␣ process. Based on the results of simultaneous measurements, we discuss the relationship between T g and the dynamics of the ␣ process of thin polymer films. A possible explanation of our experimental results for T g (d) and the dynamics of the ␣ process is given in terms of a three-layer model. This paper consists of five sections. In Sec. II experimental details and principles regarding our determination of T g and the thermal expansion coefficient using electric capacitance measurements are given. The experimental results for the thermal expansion coefficient ␣ n and T g obtained from our measurements are given in Sec. III. A three-layer model, which can account for the observed thickness dependences of ␣ n and T g , is also introduced there. In Sec. IV the dynamics of the ␣ process of thin films is investigated in reference to the peak profile in the dielectirc loss due to the ␣ process in the frequency domain. In Sec. V overall discussion and a summary of this paper are given. 3 , M w /M n ϭ1.06). Thin films of a-PS with various thicknesses from 6 to 489 nm were prepared on an Al-deposited slide glass using a spincoat method from a toluene solution of a-PS. The thickness was controlled by changing the concentration of the solution. After annealing at 70°C in the vacuum system for several days to remove solvents, Al was vacuum-deposited again to serve as an upper electrode. Heating cycles in which the temperature was changed between room temperature and 110°C (ϾT g ) were applied prior to the dielectric measurements to relax the as-spun films and obtain reproducible results. ''Bulk'' films of a-PS ͑each with dϾ100 m) were made by oil-pressing samples melted at about 200°C for a few minutes, and gold was vacuum-deposited onto both sides of the films to serve as electrodes. Dielectric measurements were done using an impedance analyzer ͑HP4284A͒ in the frequency range from 20 Hz to 1 MHz during heating ͑cool-ing͒ processes in which the temperature was changed at a rate of 2 K/min. For dielectric measurements of very thin films, the resistance of the electrodes cannot be neglected. This leads to an extra loss peak on the high frequency side, which results from the fact that the system is equivalent to a series circuit of a capacitor and resistor, where the capacitance is that of the sample and the resistance is that of the electrodes ͓29͔. The peak shape in the frequency domain can be fitted well by a simple Debye-type equation. Data obtained in the frequency domain, therefore, can be accurately corrected by subtracting the ''C-R peak'' and assuming the validity of the Debye equation. Data corrected in this manner were used for further analysis in this paper.
II. EXPERIMENTAL DETAILS

B. Relation involving the electric capacitance, thickness, and thermal expansion coefficients
In this section we give the relation between the temperature change of the electric capacitance and thermal expansion coefficient. Similar discussion was also given by Bauer et al. ͓27͔ . In our measurements film thickness was evaluated from the capacitance at room temperature of as-prepared films by using the formula for the capacitance CЈ of a flat-plate condenser, CЈϭ⑀Ј⑀ 0 S/d, where ⑀Ј is the permittivity of a-PS, ⑀ 0 is the permittivity of the vacuum, S is the area of the electrode (Sϭ8.0 mm 2 ), and d is the thickness of the films. In general, the geometrical capacitance is given by
and the permittivity is expressed by
where ⑀ ϱ is the permittivity in the high-frequency limit, ␣ t is the linear thermal expansion coefficient parallel to the film surface, ␣ n is the linear thermal expansion coefficient normal to the film surface, ⌬TϭTϪT 0 , and T 0 is a standard temperature. The second term ⑀ disp on the right-hand side of Eq. ͑2͒ is related to the frequency dispersion of the dielectric loss due to the ␣ process, the ␤ process, and so on. If we here assume that the films are constrained along the substrate surface, the values of ␣ t and ␣ n are given by
where is Poisson's ratio and ␣ ϱ is the bulk linear coefficient of thermal expansion ͓20͔. It should be noted that this case corresponds to that of ''constant area conditions'' in Ref.
͓27͔.
In the temperature range where the effect of the dielectric dispersion, i.e., the second term in the expression for ⑀Ј, can be neglected, we obtain
where
Here N j,0 ϵN j (T 0 ), N j (T) is the number density of the jth atom at T, and ␣ j is the polarizability of the jth atom. The Clausius-Mossotti relation,
In the case of a-PS, the dielectric constant ⑀Ј of bulk samples is 2.8 at room temperature ͓30͔. If we assume that ⑀Ј(T 0 )Ϸ⑀ ϱ (T 0 )ϭ2.8, then 0 ϭ0.375 and 0 is nearly equal to 1. Using Eqs. ͑1͒, ͑3͒, and ͑4͒, we obtain the temperature coefficient of the capacitance ␣ as follows:
We thus see that the temperature coefficient of CЈ is proportional to ␣ n . It is therefore expected that the temperature coefficient changes at T g . In the literature ͓31͔ we find ϭ0.325 and ␣ ϱ ϭ0.57ϫ10 Ϫ4 /K for TϽT g , and ϭ0.5 and ␣ ϱ ϭ1.7ϫ10 Ϫ4 /K for TϾT g . Hence, for bulk samples of a-PS, it can be expected that
III. GLASS TRANSITION TEMPERATURE OF THIN FILMS
A. Glass transition temperature and thermal expansion coefficients Figure 1 displays the temperature dependence of the capacitance, normalized with respect to the value at 303 K during the heating processes. In Fig. 1͑a͒ we can see that the values at thickness 91 nm for different frequencies fall along a single line and decrease with increasing temperature for the temperature range from room temperature to approximately 370 K. At higher temperature the normalized capacitance decreases with increasing temperature more steeply than at lower temperature. In this range the values for different frequencies can no longer be fitted by a single line. Here, they are dispersed due to the appearance of the ␣ process. For the temperature range shown in the figure, however, it is appar-FIG. 1. Temperature dependence of the capacitance normalized with respect to the values at 303K during the heating process for various frequencies from 100 Hz to 10 kHz and three different thicknesses: ͑a͒ dϭ91 nm and M w ϭ1.8ϫ10 6 ; ͑b͒ dϭ20 nm and M w ϭ2.8ϫ10 5 ; ͑c͒ dϭ11 nm and M w ϭ1.8ϫ10 6 . The solid lines were obtained by fitting the data for 10 kHz to a linear function below and above T g . The arrows indicate the values of T g . ent that the effect of the dispersion is quite weak above 10 kHz. Therefore, for such frequencies the temperature at which the slope of CЈ(T) changes discontinuously can be determined unambiguously as the crossover temperature between the line characterizing the lower temperature side and that characterizing the higher temperature side. This crossover temperature can be regarded as T g , because the thermal expansion coefficient changes through the crossover temperature, as can be expected from the discussion in Sec. II. As d decreases, T g also decreases, as shown in Figs. 1͑b͒ and 1͑c͒. Figure 2 displays the d dependence of T g for a-PS films with four different molecular weights. In each case, the values of T g for the various values of d were determined as the crossover temperatures at which the temperature coefficient of the capacitance at 10 kHz changes during the heating process. For thick films, the values of T g are almost equal to those for bulk PS. When the films are thinner than about 100 nm, however, a decrease in T g is observed. The value of T g for films of 6 nm thickness is lower by about 30 K than that of films of 489 nm thickness for a-PS films with M w ϭ2.8 ϫ10
5 . The dependence of T g on d can be expressed as
where T g (d) is the measured glass transition temperature for a film of thickness d. The values of the parameters resulting in the best fit are listed in Table I . The asymptotic value T g ϱ has a distinct molecular weight dependence. For bulk samples of a-PS, the variation in T g with molecular weight is described well by the empirical equation
where N is the degree of polymerization, T g ϱ ϭ373 K, and Cϭ1.1ϫ10 3 ͓33͔. Using Eq. ͑11͒, we obtain the values of T g ϱ as follows: T g ϱ ϭ373 K for M w ϭ1.8ϫ10 6 and 2.8ϫ10 5 , 370 K for M w ϭ3.6ϫ10 4 , and 341 K for M w ϭ3.6ϫ10 3 . Therefore, it is found that the M w dependence of T g for the bulk samples can be reproduced quite well by the present measurements.
As shown in Table I , the length scale a related to the thickness dependence of T g ranges from 0.3-0.6 nm. Taking into account the scatter in a, however, there is no distinct molecular weight dependence of a. This length scale is of the same order as that of the statistical segment of polystyrene ͑0.68 nm͒ ͓32͔. These experimental results for T g ϱ and a suggest that the thickness dependence of T g is almost independent of the molecular weight of a-PS after rescaling with respect to T g of bulk samples. This seems to be consistent with the fact that the length scale a is not related to chain lengths but rather to segment lengths.
If our data are fitted by the function proposed by Keddie et al., T g ͓34͔. This suggests that Keddie's equation can be replaced by Eq. ͑10͒ (␦ Ϸ1). The values T g obtained in our measurements also agree well with those obtained by Forrest et al. ͓19͔ . Thus, it can be concluded that T g of thin films has been accurately determined by measurements of the electric capacitance. With the present method it has been confirmed that the apparent T g obtained in our measurements decreases with decreasing film thickness.
Since no general theory for the effect on the glass transition of finite size has yet been presented, Eq. ͑10͒ is just an experimental findings at the present stage. As discussed later, in the context of the three-layer model we regard the glass transition temperature described by Eq. ͑10͒ as that associated with the ␣ process ͑in this case, segmental motions of polymer chains͒ in the bulklike layer between the dead layer and the liquidlike one. The observed decrease in T g may be attributed to the distribution of the relaxation times of the ␣ process, which comes from the existence of a boundary between the liquidlike layer and the bulklike layer, and also between the bulklike layer and dead layer.
Here, it should be noted that the temperature coefficient ␣ of electric capacitance also changes with film thickness, as shown in Fig. 1 Ϫ4 K Ϫ1 for TϽT g . These values agree well with those predicted by Eq. ͑9͒ in Sec. II, and hence the temperature coefficient of the electric capacitance ␣ observed in the present measurements can be regarded as the linear thermal expansion coefficient normal to the substrate ␣ n multiplied by a factor of 2, as shown in Eq. ͑8͒. This d dependence of ␣ and ␣ n can be attributed to the existence of some layers with different chain mobilities within thin polymer films supported on substrate, as discussed in the next section.
B. Three-layer model
In order to explain the observed thickness dependence of ␣ , we introduce a three-layer model, in which it is assumed that a thin polymer film on substrate consists of three layers with different molecular mobilities ͓17͔. Near the interface between the glass substrate and polymers there is a dead layer which has almost no mobility. On the other hand, near the free surface there is a liquidlike layer which has higher mobility. Here, we assume that the thicknesses of the two layers are ␦ ͑dead layer͒ and ͑liquidlike layer͒. Between these two layers there is a bulklike layer which has the same mobility as that of the bulk samples. In this model, below the apparent T g the observed linear thermal expansion coefficient ␣ n normal to the surface of the substrate is given by
and above T g by
where ␣ g ϱ (␣ l ϱ ) is the linear thermal expansion coefficient of the bulk glassy ͑liquid͒ state. Therefore, this simplified model can reproduce the observed thickness dependence of ␣ (ϭ2␣ n ) both below and above T g . By fitting the observed results given in Fig. 3 to Eqs. ͑12͒ and ͑13͒, the thicknesses of dead and liquidlike layers are obtained: ␦ϭ(2.5 3 ) are ␦ϭ(3.7Ϯ1.0) nm and ϭ(15.2Ϯ0.9) nm. These values are clearly different from those for other molecular weights. This difference may be due to the entanglement effect, because the critical molecular weight at the entanglement limit is 1.3ϫ10 4 for a-PS ͓35͔. In the present measurements no obvious molecular weight dependence was observed within experimental accuracy except for M w ϭ3.6ϫ10 3 . However, it is plausible that the values of ␦ and are functions of the molecular weight. More precise measurements will be required to detect such molecular weight dependence. Thin polymer films with both substrate and upper electrodes of Al for dielectric measurements were used in the present measurements. Due to the presence of these electrodes, for our thin films there was no real free surface existing in the air-polymer interface. The samples discussed presently were capped supported films, according to the terminology given in Ref. ͓19͔. However, the values of T g observed in the present measurements agree with those obtained by ellipsometry for uncapped films. It has also been reported that there is no obvious differences between the results obtained for uncapped and capped supported films ͓19͔. These experimental results support the conclusion that there is no appreciable difference in T g for capped and uncapped supported thin films; i.e., the upper electrode of our samples can be assumed to have no effect on the thermal properties of the polymer films, in particular the thermal expansivity along the direction normal to the substrate. Recent DSC measurements have revealed the existence of a surface mobile layer of PS spheres dispersed in Al 2 O 3 powders ͓36͔. According to the discussion given by Mayes ͓37͔, the glass transition temperature of a ͑surface͒ layer can be depressed only if the end concentration of the layer is higher than that FIG. 3 . Thickness dependence of the temperature coefficient of the capacitance of a-PS films obtained by measurements of the electric capacitance at 10 kHz during the heating process. Above T g , the symbol ᭺ correspond to M w ϭ1.8ϫ10
6 , ᭝ to M w ϭ2.8 ϫ10 5 , ᮀ to M w ϭ3.6ϫ10 4 , and छ to M w ϭ3.6ϫ10 3 . Below T g , the filled symbols are used, and the correspondence between the symbols and the molecular weights is the same as above T g . The lines were obtained by fitting the data to Eqs. ͑12͒ and ͑13͒. The dotted line is valid only for the data of the films with M w ϭ3.6 ϫ10 3 below T g .
of bulk samples. The existence of a true free surface is not a necessary condition for the decrease of T g and the existence of a liquidlike layer. Recent measurements of the mass density of a-PS thin films supported on Si using neutron reflectivity show that the average mass density within films is near the bulk value regardless of film thickness ͓38͔. Sound velocities in thin freely standing PS films measured by Brillouin light scattering are reported to be the same for all films with various film thicknesses. This also suggests that the average mass density of thin films is the same as that of bulk samples ͓39͔. In the presently considered layer model it is assumed that there are thin liquidlike and dead layers in addition to the layer with bulk properties. Because the liquidlike layer has a lower mass density and the dead layer has a higher mass density than the bulk layer, it is not unreasonable to assume that the average mass density of these thin films is the same as that of the bulk samples. In the case of freely standing films, because there is no dead layer, the average mass density is expected to become lower for very thin films than that of bulk sample. However, the observed value of the average mass density does not change with film thickness. The simple layer model may no longer be valid for freely standing films, and it may be the case that another physical factor must be taken into account.
It should also be noted here that picosecond acoustic techniques reveal an increase in the longitudinal sound velocity for thin films of poly͑methyl methacrylate͒ and PS ͓40,41͔. This suggests a change in the average mass density for thin films from that of bulk samples. This result disagrees with that obtained in Refs. ͓38,39͔.
IV. DYNAMICS OF THE ␣ PROCESS OF THIN FILMS
In this section results concerning dielectric loss during the heating process are given to allow for discussion how the dynamics of the ␣-process changes with decreasing T g as a result of decreasing thickness. First, the temperature dependence of the dielectric loss with a fixed frequency is investigated to directly compare the thickness dependence of T g with that of the dynamics of the ␣ process. Second, the results for the dielectric loss in the frequency domain under an isothermal condition are given to confirm the results obtained with fixed frequency and to allow for discussion of the relaxation behavior due to the ␣ process in thin polymer films. Figure 4 shows the reduced dielectric loss ⑀ Љ/⑀ max Љ as a function of temperature at 100 Hz in a-PS samples of thickness 9, 26, and 105 nm with M w ϭ2.8ϫ10
A. Dielectric loss with fixed frequency
5 . Here, the reduced dielectric loss is defined by ⑀ Љ/⑀ max Љ ϭ͓CЉ(T) ϪCЉ(T 0 )͔/͓C max Љ (T ␣ )ϪCЉ(T 0 )͔, where CЉ is the imaginary part of the complex capacitance, T 0 is a standard temperature ͑in this case, T 0 is room temperature͒, and C max Љ is the peak value of CЉ(T) due to the ␣ process. Above T g the dielectric loss ⑀ Љ/⑀ max Љ for a given frequency displays an anomalous increase with temperature due to the ␣ process, and it possesses a maximum at the temperature T ␣ . The value of T ␣ and the width of the ␣ peak, ⌬T ␣ , also depend on d, as shown in Fig. 4 . Here, ⌬T ␣ is defined as the temperature difference between T ␣ and the lower temperature at which ⑀ Љ is half its peak value. As shown in Fig. 5͑b͒ , the width ⌬T ␣
FIG. 4. Reduced dielectric loss as a function of temperature for various film thicknesses (M w ϭ2.8ϫ10
5 and f ϭ100 Hz͒. The symbol ᭺ corresponds to dϭ105 nm, ᭝ to dϭ26 nm, and ᮀ to d ϭ9 nm. The curves were obtained by fitting the data to the equation
FIG. 5. Thickness dependence of ͑a͒ T ␣ and ͑b͒ ⌬T ␣ during the heating process for a given frequency. The symbol ᭹ corresponds to f ϭ100 Hz and M w ϭ2.8ϫ10 5 , ᭡ to f ϭ1 kHz and M w ϭ 2.8ϫ10 5 , ᮀ to f ϭ100 Hz and M w ϭ1.8ϫ10 6 , छ to f ϭ1 kHz and M w ϭ1.8ϫ10 6 , ᭝ to f ϭ100 Hz and M w ϭ3.6ϫ10 4 , and ᭞ to f ϭ1 kHz and M w ϭ3.6ϫ10
4 . The solid lines in ͑a͒ were drawn for M w ϭ2.8ϫ10 5 , the dotted lines for M w ϭ1.8ϫ10 6 , and the broken lines for M w ϭ3.6ϫ10
4 . These lines were drawn using Eq. ͑15͒ and the curve in ͑b͒ was obtained from Eq. ͑14͒.
begins to increase at about 100 nm and continues to increase monotonically with decreasing d. The d dependence of ⌬T ␣ can be expressed as
where aЈϭ6.9Ϯ0.8 nm and ⌬T ␣ ϱ ϭ10.3Ϯ0.4 K. Comparing the d dependence of ⌬T ␣ with that of T g ͑Fig. 2͒, we find that the decrease of T g is directly correlated with the broadening of the ␣ peak as
, and C 1 is a constant (4.8 ϫ10 Ϫ2 Ϫ6.5ϫ10 Ϫ2 ). In other words, it can be concluded that the broadening of the distribution of relaxation times for the ␣ process is closely correlated to the decrease of T g .
Contrastingly, Fig. 5͑a͒ shows that T ␣ remains almost constant as d is decreased, down to the critical thickness d c , at which point it begins to decrease linearly with decreasing d. Therefore, T ␣ is given as follows:
͑15͒
where . These values are nearly equal or similar to the exponent of radius of gyration for Gaussian chains (ϭ0.5). In the molten state, polymer chains can be regarded as Gaussian chains. This result suggests that the length scale such as the radius of gyration of the bulk polymer may control the drastic change of T ␣ near and below d c . In other words, the deformation of random coils of polymer chains confined in thin films may cause the observed decrease in T ␣ with decreasing film thickness. As discussed later, one of the possible origins of this deformation is the competition between the liquidlike layer and the dead layer. The investigation of d dependence of T ␣ for various M w samples will reveal the detailed mechanism of a drastic decrease in T ␣ with decreasing d.
Here it should be noted that the length scale aЈ included in the expression of ⌬T ␣ as a function of 1/d is much larger than a in T g : aЈ/aϭ15.3. This can be explained in the following way. It is assumed that the shape of the loss peak due to the ␣ process in the plot of ⑀Љ vs T can be expressed by the same function of T ␣ and ⌬T ␣ for any film thickness d and that T g can be regarded as the temperature at which dielectric loss begins to increase due to the ␣ process. From this assumption, the following relation can be obtained:
where A is a constant. Taking into account that for dϾd c , T ␣ (d)ϭT ␣ ϱ , and substituting Eqs. ͑10͒ and ͑14͒ into Eq. ͑16͒, we obtain the relations T ␣ ϱ ϪT g ϱ ϭA⌬T ␣ ϱ and T g ϱ a ϭA⌬T ␣ ϱ aЈ. Hence, the value of aЈ/a is expressed by
͑17͒
Using Eq. ͑17͒ with the observed values of T g ϱ and T ␣ ϱ we obtain aЈ/aϷ17 for f ϭ100 Hz and 12 for f ϭ1 kHz. Although the errors in ⌬T ␣ prevent us from obtaining the frequency dependence of aЈ, the values of aЈ/a evaluated using the above assumption agree well with those found in the present measurements.
Recently, Forrest et al. obtained ␣ relaxation data with a characteristic time scale ͗͘ϳ2ϫ10 Ϫ4 s using a quartz crystal microbalance technique applied to supported PS films covered with SiC particles ͓24͔. It was reported that the small dissipation peak T max , which corresponds to T ␣ in this paper, exhibits the same d dependence as T g when the values of T g are shifted by 20 K. The d dependence of T max found from their measurements seems to be different from that found from the present measurements. The values of T g used for comparison with T max were observed by ellipsometry for PS films supported on a hydrogen-passivated Si substrate with a free surface ͓34͔. Hence, the comparison between T g and T max in Ref. ͓24͔ was carried out for samples with different molecular weight and of different geometries ͑with and without a free surface͒ by using different experimental techniques, while a direct comparison was carried out in our study by using simultaneous measurements of T g and T ␣ for the same sample. The results obtained in Ref. 
B. Dielectric relaxation behavior of thin films
Here, we give the results for the imaginary part of the complex capacitance ͑dielectric loss͒ as a function of the frequency to facilitate discussion of the dynamics of thin films of a-PS with various film thicknesses between 14 nm and 194 m. Figure 6 displays the dielectric loss vs frequency at various temperatures above T g for a-PS (M w ϭ1.8ϫ10 6 ) with film thicknesses of ͑a͒ 194 m ͑bulk sample͒, ͑b͒ 91 nm, and ͑c͒ 14 nm. The peak in Fig. 6 corresponds to that due to the ␣ process. It it found that the relaxation behavior of the ␣ process changes with temperature and thickness. The peak frequency shifts to the higher frequency side as the temperature increases. In Fig. 7 the peak frequency f max , which corresponds to the inverse of the relaxation time ␣ of the ␣ process, is plotted as a function of the inverse temperature. It is found that the values of ␣ for the films with thickness from 33 nm to 194 m fall on the same curve, which can be described by the VogelFulcher-Tammann ͑VFT͒ equation. Here it should be noted that the values of T g for the films with thickness of 33 and 91 nm are smaller than those of thicker films, although ␣ remains constant. As the thickness decreases further, down to 14 nm, ␣ becomes much shorter than that for thicker films. It follows from this result that the relaxation time ␣ of the ␣ process remains constant down to a critical thickness, below which it begins to decrease. This result is consistent with that extracted from the experimental observations of dielectric loss with fixed frequency discussed in Sec. IV A.
In order to discuss the relaxation behavior of the ␣ process, the profiles in Fig. 6 are replotted by scaling them with respect to peak positions and peak heights. Figure 8 shows that profiles of dielectric loss vs frequency can be reduced in this way to a single master curve over the temperature range above T g described in the figure captions. It it clearly found that peak profiles become broader as the film thickness decreases. The master curve for each film with different thickness can be fitted by using the Havriliak-Negami ͑HN͒ equation ͓42͔, ⑀Љ͑͒ϭIm ⌬⑀
where ⌬⑀ is the dielectric strength, is angular frequency (ϭ2 f ), 0 is the apparent relaxation time, and ␣ HN and ␤ HN are shape parameters. The values of ␣ HN and ␤ HN resulting in the best fit are given in Table III . The solid curves given in Fig. 8 are calculated using the HN equation. Here, the data in the frequency domain are converted into those in time domain. Using the equation
the relaxation function (t) can be calculated via the HN equation with the best-fit parameters for thin films of various thicknesses, as shown in Fig. 9 . The shape of the relaxation function changes with film thickness. As seen in Fig. 9 , the relaxation function thus obtained can be fitted quite well by the Kahlrausch-Williams-Watts ͑KWW͒ equation for any thickness. It is also found that the relaxation behavior becomes slower as the film thickness decreases. Figure 10 displays the exponent ␤ KWW as a function of the inverse of the film thickness. It it found that ␤ KWW decreases from 0.42 to 0.27 as the thickness changes from 194 m to 14 nm. The functional form of ␤ KWW with respect to the inverse of the thickness is found to be linear:
͑21͒
where ␤ KWW ϱ ϭ0.423Ϯ0.006 and aЉϭ(5.2Ϯ0.4) nm. The value of ␤ KWW is a measure of the distribution of relaxation times ␣ of the ␣ process, i.e., the distribution becomes broader as ␤ KWW becomes smaller. Therefore, as the thickness decreases, the distribution of the relaxation times ␣ becomes broader according to Eq. ͑21͒. The characteristic length scale aЉ obtained in this analysis of ␤ KWW is consistent with the value aЈ obtained for ⌬T ␣ . Furthermore, the FIG. 8 . Dependence of the normalized dielectric loss on the logarithm of the normalized frequency (M w ϭ1.8ϫ10 6 ). The two axes are normalized with respect to the peak position due to the ␣ process, corresponding to ⑀ max Љ and f max . The numbers given in the right margin are the film thicknesses. The solid curves for each film with various thicknesses were obtained by fitting the data to the HN equation. The parameter values resulting in the best fit are given in Table II . For dϭ194 m, 91 nm, and 14 nm, the symbols are the same as in Fig. 6 . For dϭ408 nm, the symbol ᭺ corresponds to 393.5 K, ᭝ to 397.5 K, ᮀ to 401.3 K, and छ to 404.3 K. For d ϭ187 nm, the symbol ᭺ corresponds to 388.5 K, ᭝ to 392.4 K, ᮀ to 396.3 K, छ to 400.4 K, ᭹ to 404.3 K, ᭡ to 407.6 K, and to 408.1 K. For dϭ33 nm, the symbol ᭺ corresponds to 380.5 K, ᭝ to 384.5 K, ᮀ to 388.4 K, छ to 392.4 K, ᭹ to 396.4 K, ᭡ to 399.9 K, and to 400.6 K. 
The values of ␤ KWW for freely standing films of a-PS have been evaluated using photon correlation spectroscopy and found to be indistinguishable from those of bulk PS ͓24͔. On the other hand, a decrease in ␤ KWW has been observed for a copolymer thin film supported on quartz ͓23͔, as found in the present measurements on PS supported on a glass substrate. We thus conclude that there is a large difference in the dynamics of freely standing films and supported thin films. In the case of thin films supported on substrate, it is easily understood that the existence of the substrate may cause a broadening of the distribution of ␣-relaxation times, because the dynamics of polymer chains should depend on the distance from the substrate near the boundary.
Although only the results for the dielectric loss in thin films of a-PS with M w ϭ1.8ϫ10
6 are given in Sec. IV B, the results obtained for thin films with M w ϭ2.8ϫ10 5 are consistent with these.
V. DISCUSSION AND SUMMARY
In the case of thin polymer films supported on substrate, not only the surface effects but also the interactions between the substrate and films strongly affect the dynamics and the glass transition of the thin films. We introduced a three-layer model in order to explain such surface and interfacial effects in Sec. III B, following Ref. ͓17͔. In this model it is assumed that within a thin film there are a liquidlike layer and a dead layer in addition to a bulklike layer. According to this model, two different ␣ processes should exist corresponding to the liquidlike layer and bulklike layer. ͑If the ␣ process exists in the dead layer, it should exist only far above T g of the bulk sample, i.e., beyond the experimentally accessible temperature range.͒ We now are performing dielectric measurements to investigate the dynamical properties of a-PS thin films over a wider temperature range. Although the measurements are still in progress, direct evidence for the existence of different processes in thin films of a-PS is displayed in Fig. 11 . Figure 11 shows the normalized dielectric loss as a function of temperature for a-PS thin films with thicknesses of 105 and 9 nm and M w ϭ2.8ϫ10
5 . In this case, the standard temperature T 0 is set to 180 K. For films with dϭ105 and 9 nm there the ␣ process exists around 390 K for f ϭ100 Hz, as discussed in Sec. IV, while for films with dϭ9 nm there another ␣ process exists at lower temperature. We refer to the latter as the ␣ l process ͑see arrows in the figure͒. This peak in the dielectric loss due to the ␣ l process shifts to the higher temperature side as the frequency of the applied electric field changes from 100 Hz to 1 kHz. This suggests that the dynamical behavior of the peak is similar to that of the ␣ process. Since within the model the thickness of the liquidlike layer is assumed to be constant ͑independent of the thickness d) the contribution of the liquidlike layer should become more appreciable as the thickness decreases. Therefore, it is reasonable to attribute the loss peak for the ␣ l process to the liquidlike layer. In other words, the existence of the ␣ l process can be regarded as experimental evidence of the existence of a liquidlike layer within a thin film.
Since the ␣ process and the ␣ l process can be attributed to the segmental motion of polymer chains in the bulklike layer and liquidlike layer ͑surface layer͒, respectively, we can expect that the characteristic time of the ␣ l process is smaller than that of the ␣ process at a given temperature, because polymer chains involved in the ␣ l process has a higher mobility than those in the ␣ process of a bulklike layer. At higher temperatures the segmental motions of the surface layer is expected to become less different from those of the bulklike layer. Therefore, T ␣ l should be smaller than T ␣ at a given frequency and the difference between T ␣ and T ␣ l should become smaller with increasing frequency. Here, T ␣ l is the temperature at which the dielectric loss possesses a maximum due to the ␣ l process at a given frequency. Because the chain end concentration in the surface layer is higher than that in the bulklike layer, T ␣ l can be expected to have a stronger molecular-weight dependence than T ␣ does.
If there are liquidlike and dead layers in addition to a bulklike layer, it is plausible that there are boundary layers between the bulklike layer and the dead layer and between the bulklike layer and the liquidlike layer. The existence of such boundary layers causes the broadening of the distribution of the ␣ relaxation time of the bulklike layer, and this 
broadening is enhanced as the thickness decreases. Because T g can be regarded as the temperature at which the anomalous increase in ⑀Љ begins, T g decreases as the distribution of ␣ broadens, i.e., ⌬T ␣ increases or ␤ KWW decreases. Since the liquidlike and dead layers cause the distribution of ␣ to broaden toward the shorter time side and the longer time side, respectively, the relaxation time ␣ can remain constant as long as the two contributions cancel each other. In the present measurements, we measured the peak frequencies f max in the dielectric loss due to the ␣ process, which are equal to the inverse of 2 ␣ , and it is found that f max at a given temperature is almost independent of the thickness down to the critical thickness d c .
Below the critical thickness, there is no ␣ process with dynamical properties observed in the bulk sample. In this case the dynamical properties of the thin film are determined by the competition between the liquidlike layer and the dead layer within the thin film. The values of ␣ can no longer remain constant, but it decreases or increases, depending on whether contributions from the liquidlike layer are stronger or weaker than those from the dead layer. In the present case, ␣ and T ␣ decrease drastically for dϽd c . This behavior can be accounted for by assuming that contributions from the liquidlike layer are much stronger than those from the dead layer.
Here, it should be noted that the observed value of d c is larger than the sum of thickness of the liquidlike layer and the dead layer, ϩ␦: d c ϭ11Ϫ23 nm, while ϩ␦Ϸ10 nm. From this result it follows that for dϭd c , the bulklike layer still exists, but the relaxation time for the ␣ process of the bulklike layer is different from that of the bulk sample. This suggests the possibility that at d c the thickness of the bulklike layer (dϪϪ␦) is comparable to the characteristic length scale CRR of the ␣ process. Therefore, the value of CRR can be estimated as 1-13 nm, if there is assumed to exist any characteristic length scale of the ␣ process at all. Because d c depends on the molecular weight of a-PS, CRR may also depend on the molecular weight. However, more precise measurements of ␦ and showing whether these values depend on the molecular weight are necessary to elucidate the molecular weight dependence of CRR .
In this paper four different length scales, a, aЈ, aЉ, and d c , were extracted from the dielectric measurements. From the above discussion, d c is expected to be related to the characteristic length scale CRR for the ␣ process of bulk samples, while the values of a, aЈ, and aЉ are believed to be related to the heterogeneous structure of the mobility within thin films or surface and interfacial effects. According to the model of Adam and Gibbs, the size of the CRR increases as the temperature approaches T g . Near the glass transition temperature, the characteristic time of the ␣ process is larger than 10 3 sec, and only the slow modes contribute appreciably to the dielectric loss. Hence, a more prominent d dependence of the ␣ process can be expected when the dielectric measurements are performed for frequencies much smaller than those adopted in the present work. We plan to make such measurements in the future.
In this paper we made dielectric measurement on capped thin films of atactic polystyrene supported on an Aldeposited glass substrate. The results can be summarized as follows:
͑1͒ The glass transition temperature of thin films of a-PS has been determined using the temperature change in the electric capacitance. The observed T g is consistent with the results obtained by other methods. A decrease in T g with decreasing thickness has been confirmed.
͑2͒ The thermal expansion coefficient normal to the film surface ␣ n increases with decreasing thickness below the apparent T g , while it decreases with decreasing thickness above T g . The thickness dependence of ␣ n can be described by a linear function of the inverse of the thickness.
͑3͒ The d dependence of T g is directly correlated to that of the width of the peak due to the ␣ process in the temperature domain and also to the distribution of relaxation times of the ␣ process.
͑4͒ The temperature at which dielectric loss is maximal due to the ␣ process in the temperature domain and the ␣ relaxation time obtained by the frequency dependence of the dielectric loss remain constant down to the critical thickness d c , while below d c they decrease drastically with decreasing thickness. The values of d c have a molecular weight dependence and are related to the radius of gyration of polymer chains.
